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The Drosophila heart is a highly ordered structure with only a limited number of cell types, which are arranged in a stereotyped metameric
pattern. Ras signaling has previously been implicated in contributing to heart formation, but how positional information is integrated with this
pathway to specify, distinguish and precisely position individual cardiac progenitors within the presumptive heart-forming region are not known.
Here, we present evidence that the striped pattern of the secreted factor Hedgehog (Hh), in combination with the RAS pathway, specifies and
positions neighboring groups of cardiac progenitors within each segment: the anterior ladybird (lbe)- and the posterior even skipped (eve)-
expressing cardiac progenitors. Loss of hh function (while maintaining wg activity) results in the absence of the Eve cells, whereas the Lbe cells
are expanded within the cardiac mesoderm. Overexpressing the repressor form of Cubitus interruptus (Ci), a Hh pathway antagonist, also results
in expansion of Lbe at the expense of Eve, as does lowering Ras signaling. Conversely, overexpression of Hh or increasing Ras signaling
eliminates Lbe expression while expanding Eve within the cardiogenic mesoderm. Increasing Ras signaling in the absence of Hh suggests that the
Ras pathway is in part epistatic to Hh. Hh controls dorsal mesodermal Ras signaling by transcriptional regulation of the EGF receptor ligand
protease, encoded by rhomboid (rho). Conversely, Hh overexpression can fully inhibit Lbe even when Ras signaling is much reduced, suggesting
that Hh also acts in parallel to Ras. We propose that the Eve precursors next to the Hh stripe are distinguished from more distant Lbe precursors by
locally augmenting Ras signaling via elevating rho transcripts. Thus, the spatial precision of cell type specification within an organ depends on
multiple phases of inductive interaction between the ectoderm and the mesoderm.
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The embryonic heart of Drosophila is well suited for
studying the genetic and molecular mechanisms governing cell
fate diversification: it is a simple, but highly organized linear
tube composed of contractile myocardial cells flanked by
pericardial cells. The heart field is specified along the dorsal
margin of the trunk mesoderm, where cardiac progenitors
lineages emerge in a segmentally repeated pattern by sequential
processes of mesodermal subdivision (reviewed in Bodmer and
Frasch, 1999; Zaffran and Frasch, 2002; Bodmer et al., 2004).
After the mesoderm has invaginated into the interior of the
embryo during gastrulation, inductive signals emanating from0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.11.033
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E-mail address: rolf@burnham.org (R. Bodmer).the overlaying ectoderm in distinct patterns subdivide the
mesoderm along the dorsal–ventral and anterior–posterior axes
to form the primordia of the somatic, visceral and cardiac
muscles and other mesodermal derivatives. Specification of the
cardiac progenitors critically depends on the patterning infor-
mation provided by dpp encoding a BMP-like TGF-h family
member and the Wnt gene wingless (wg) (Frasch, 1995; Park et
al., 1996; Wu et al., 1995; Xu et al., 1998). Within the meso-
derm, the homeobox gene tinman (tin) and the GATA factor
encoded by pannier (pnr) are essential to provide the correct
context for cardiac differentiation (Bodmer, 1993; Azpiazu and
Frasch, 1993; Lockwood and Bodmer, 2002; Klinedinst and
Bodmer, 2003). First, the dorsal portion of the mesoderm is
distinguished from the ventral portion by maintaining tinman
expression dorsally (Frasch, 1995; Staehling-Hampton et al.,
1994). Within the dorsal mesoderm, the combination of Dpp90 (2006) 373 – 385
www.e
J. Liu et al. / Developmental Biology 290 (2006) 373–385374and Wg, oriented in an orthogonal pattern of expression to one
another, delineates the position of the cardiac mesoderm at the
dorsal margin (Halfon et al., 2000; Lockwood and Bodmer,
2002). Another secreted ectodermal factor, encoded by hedge-
hog (hh) and expressed in stripes adjacent to wg, contributes to
heart formation by maintaining wg expression (Park et al.,
1996). In addition, Hh may play a direct role in cardiac
patterning and cell type specification (see Jagla et al., 1997).
Upon cardiac identity allocation to a chain of heart-forming
cell clusters along the dorsal mesodermal margin in each hemi-
segment, the heart field is further subdivided into small groups of
individual cardiac progenitors (e.g., Ward and Skeath, 2000; Han
and Bodmer, 2003), and their distinction is maintained by mutual
repression of transcription factors expressed in these cell groups
(Han et al., 2002; Jagla et al., 2002). These transcription factors
are thought to contribute to the differentiation of these cardiac
progenitors and serve as identity genes. However, little is known
about the origin of the patterning information that specifies and
distinguishes individual sets of cardiac progenitors along the
anterior–posterior axis. For example, it is not known how iden-
tity gene expression is initiated in segmentally precise positions
(see Fig. 1) other than as an integral part of the cardiac mesoderm
(Carmena et al., 1998, 2002; Lockwood and Bodmer, 2002).Fig. 1. Lbe and Eve mark two neighboring but non-overlapping cardiac progenitors.
(green) are located anterior and adjacent to Eve in each hemisegment. (B, C) Both E
Stage 12 embryos stained for Lbe (blue), Eve (pink) and hh-LacZ (green). Confocal
Lbe and Eve in a deeper focal plane to visualize the signals superimposed. (E) Stag
progenitors give rise to two eve-expressing pericardial cells (EPC) and one DA1
myocardial (LMC) and two pericardial cells (LPC). Two myocardial cells are marked
and nomenclature.To date, several identity genes have been described to be
involved in the formation and identity specification of subsets
of cardiac progenitors, which include the homeobox genes
even-skipped (eve) and ladybird early (lbe), and seven-up
(svp), encoding the Drosophila COUP TF homolog (Frasch et
al., 1987; Jagla et al., 1997; Su et al., 1999; Ward and Skeath,
2000; Lo and Frasch, 2001; Han et al., 2002). These
transcription factors mark essentially non-overlapping subpo-
pulations of heart progenitors positioned at discrete locations
along the anterior–posterior axis within each segment. Among
these identity genes, the regulation of mesodermal eve
expression, which is required for determining the fate of Eve
progenitors, has been studied in some detail: a small, but
necessary and sufficient enhancer in eve’s regulatory region
depends on a combinatorial code of patterned gene activity,
including twist (twi), tin, wg, dpp and ras/MAPK (Halfon et
al., 2000; Knirr and Frasch, 2001; Han et al., 2002). Although
the three signaling pathways (Wg, Dpp, Ras) and the two
transcription factors (Twi, Tin) directly interact with the eve
mesodermal enhancer for correct targeting of eve expression to
the dorsal edge of the mesoderm, additional information is
necessary to confine expression to individual segmental
progenitors within the heart-forming region and to distinguish(A) Stage 12 embryo double labeled for Lbe (green) and Eve (red). Lbe clusters
ve and Lbe progenitors are subsets of the tin-expressing cardiogenic region. (D)
scan of ectodermal Hh-lacZ staining was merged with the scan of mesodermal
e 13 embryo tripled labeled for Tin (green), Lbe (blue) and Eve (red). The Eve
muscle founder per hemisegment. The Lbe progenitors differentiate into two
by Tin, but not Lbe (TMC). See Han and Bodmer (2003) for lineage description
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eve and lbe suggests that these markers of cardiac subpopula-
tions are themselves involved in segmental anterior–posterior
patterning of the heart (Jagla et al., 2002; Han et al., 2002). Lbe
is likely to interact directly with the eve mesodermal enhancer
since mutating its putative Lbe binding sites expands reporter
gene expression into the cardiogenic region occupied by the
lbe-expressing clusters; and this mutant enhancer is no longer
sensitive to repression by Lbe in vivo (Han et al., 2002). Thus,
lbe and eve are likely to provide cross-regulatory information
that causes their mutually exclusive expression pattern. In
addition, Ras/MAPK signaling influences the size of the
mesodermal eve cluster, which may be mediated, at least in
part, by localized expression of rho, a protease involved in
EGF receptor ligand processing (Carmena et al., 1998).
Understanding the patterning mechanisms that lead to the high
precision of positional organization of a primordial tissue
remains to be a central issue in organogenesis.
In this study, we explore how the segmental pattern of Lbe
and Eve progenitors is initiated and maintained in the context
of inductive signals from the ectoderm. We provide evidence
that Eve progenitors are distinguished from their anterior Lbe-
positive neighbors by responding to ectodermal Hh and
mesodermal Ras signaling. In the absence of hh (while
maintaining wg) or by reducing Ras/MAPK activation, the
Eve cell clusters are diminished or abolished, whereas the Lbe
clusters are expanded to encompass much or all of the tin-
expressing cardiac mesoderm. Conversely, increased Hh or Ras
signaling results in a dramatic increase in the number of Eve
cells at the expense of Lbe cells. We also find that hh regulates
rho expression levels in the cardiac mesoderm, which mediates
ectodermal positional information to the underlying mesoderm
to distinguish Eve cells from Lbe cells. Our data suggest that
striped hh expression initiates anterior–posterior patterning of
the heart progenitors in Drosophila.
Materials and methods
Fly stocks
We used the following mutant stocks: wgIL114, hh9K, hh13C, pntD88, Dl9p,
spi1, yan1 (Park et al., 1996; Jagla et al., 1997; Halfon et al., 2000). wgIL114
and the heteroallelic combination hh9k/hh13C are near null at 29-C (Chu-
LaGraff and Doe, 1993; Bejsovec and Martinez Arias, 1991; Heemskerk and
DiNardo, 1994). wgIL114 homozygotes were identified by the absence of
Cyo,twi-LacZ balancer and hh9k/hh13C mutants by the absence of TM3,ftz-
LacZ balancer (X-gal labeling). Overexpression of transgenes was achieved
using the Gal4/UAS system (Brand and Perrimon, 1993). The following Gal4
driver lines were used: twi-Gal4 (twi>; Greig and Akam, 1993), 24B-Gal4
(24B>; Brand and Perrimon, 1993), the double combination twi-Gal4;24B-
Gal4 (twi24B>; pan-mesodermal expression; Lockwood and Bodmer, 2002)
and wg-Gal4 (from S. DiNardo). twi-Gal4 drives expression in all mesoderm
cells from stage 9 onwards until stage 12. wg-Gal4 drives expression in the
absence of hh function from blastoderm until stage 12 (data not shown). 24B-
Gal4 initiates expression in the cardiac and somatic mesoderm at the stages
when cell fate specification is initiated (Bidet et al., 2003 and data now shown).
The following UAS lines were used: UAS-wg (Binari et al., 1997), UAS-hh
(Hatini and DiNardo, 2001), UAS-ciCell, UAS-ciU (Methot and Basler, 1999),
UAS-ci, UAS-ci3p (Wang et al., 1999), UAS-rasAct (Gisselbrecht et al., 1996),
UAS-rho, UAS-EGF-RAct, UAS-dnEGFR (Buff et al., 1998), UAS-dnHtl
(Michelson et al., 1998), UAS-pntP2-VP16 (Brunner et al., 1994a,b) andEP(3)3704 (Bidet et al., 2003). To unequivocally identify embryos of a specific
genotype, all hh and pnt stocks were kept over the TM3,ftz-LacZ balancer. The
embryos of the desired genotype were distinguished based on the lack of the X-
gal staining of the Fblue_ balancer. Indicated below are the crosses and
positively identified complex genotypes (in a quarter of the progeny) that were
analyzed in this study:
(1) twi-Gal4/UAS-wg;hh13c/hh13c (twi>wg;hh13c) embryos were generat-
ed from a cross between twi-Gal4; hh13c/TM3,ftz-LacZ and UAS-wg;
hh13c/TM3,ftz-LacZ.
(2) wg-Gal4/UAS-wg; hh13c/hh13c (wg>wg;hh13c) embryos were generat-
ed from a cross between wg-Gal4;hh13c/TM3,ftz-LacZ and UAS-
wg;hh13c/TM3,ftz-LacZ.
(3) twi-Gal4/UAS-wg;hh13c,UAS-rasAct/hh13c (twi>wg,rasAct;hh13C) em-
bryos were generated from a cross between twi-Gal4;hh13c/TM3,ftz-
LacZ and UAS-wg;UAS-rasAct,hh13c/TM3,ftz-LacZ.
(4) twi-Gal4/UAS-hh; pntD88/pntD88 (twi>hh;pntD88) embryos were gen-
erated from a cross between twi-Gal4;pntD88/TM3,ftz-LacZ and UAS-
hh;pntD88/TM3,ftz-LacZ.
For temperature-shift experiments, embryos of the genotype wgIL114/
wgIL114 or hh9k/hh13C flies were collected at 1 h intervals and aged at 18-C
until the embryos reached a developmental stage equivalent to 4 or 5.5 h after
egg laying (AEL) at the 25-C standard, at which point the temperature was
raised to non-permissive level of 29-C until fixation. The rate of development
at 18-C is estimated to be twice as long and at 29-C 0.7 times the rate than at
25-C (see Wu et al., 1995).
Immunohistochemistry and in situ hybridization
Immunostaining and fluorescent in situ hybridization/antibody double
labeling were done as described previously (Han et al., 2002; Lo and Frasch,
2001). Cy3- or FITC-conjugated secondary antibodies (The Jackson Labora-
tory) were used for fluorescent confocal microscopy. For Lbe staining and rho
fluorescent in situ hybridization, the signal was amplified with the aid of the
indirect TSA System (Perkin Elmer) followed by a 30-min incubation period
with the Streptavidin–Fluoresceine DTAF (1:300; The Jackson Laboratory).
Embryos were mounted in VectaShield (Vector Laboratories). Fluorescent
embryo staining was analyzed by using Zeiss LSM510 or a Biorad (MRC-
1024MP) confocal microscope. Primary antibodies were used at the following
dilutions: rabbit anti-Eve, 1:300 (Frasch et al., 1987); mouse anti-Eve, 1:50
(Developmental studies hybridoma bank, University of Iowa); mouse anti-Lbe
1:40 (Jagla et al., 1997); rabbit anti-Tinman 1:1000 (Venkatesh et al., 2000);
rabbit anti-h-Galactosidase 1:2000 (Cappel); mouse anti-h-Galactosidase 1:500
(Sigma); rabbit anti-cleaved caspase-3 1:100 (Drice; Cell Signaling Technol-
ogies); rabbit anti-phospho-H3 (pH3) 1:200 (Upstate Biotechnology); mouse
anti-MAPK-activated (diphospho-ERK1 + 2) 1:100 (Sigma). Secondary
antibodies were used at 1:200 (Vector Laboratories). The rho probe was
amplified from genomic DNA using the following primer pair: forward:
TCAGCTGATGGAGGAGCAGG; reverse: AAACCCTCGCTGCCCTACC.
Results
Lbe and Eve define two neighboring cardiac subpopulations
lbe and eve are expressed in subsets of cardiac progenitors
and are required for their specification (Jagla et al., 1997; Su et
al., 1999; Han et al., 2002; Jagla et al., 2002). The eve and lbe
progenitors arise during embryonic stage 11 in the dorsal
cardiogenic region as adjacent clusters of tinman-expressing
heart progenitors (Figs. 1A–D). In each hemisegment, the Eve
progenitor cells differentiate into two dorsal muscles (DA1 and
DO2) and two eve-expressing pericardial cells (EPC), while
Lbe progenitors give rise to two myocardial and two lbe-
expressing pericardial cells (Fig. 1E). To investigate a role of
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the position of mesodermal eve and lbe expression relative to
the Hh stripes. Eve progenitors are localized immediately
anterior to the Hh stripes (Fig. 1D). In contrast, lbe expression
is further removed from the Hh stripes (Figs. 1A, D), which is
consistent with a previous study suggesting that hh may repress
cardiac Lbe (Jagla et al., 1997).
Hh signaling promotes mesodermal Eve at the expense of Lbe
Since Hh signaling is required for cardiac induction by
maintaining wg expression (Park et al., 1996; Jagla et al.,
1997), it is necessary to maintain wg activity while manipu-
lating hh function. In the ventral ectoderm, wg and hh activity
in adjacent segmental stripes is required for allocation and
distinction of cuticular cell fates in neighboring territories
within each segment (Hatini and DiNardo, 2001; Gallet et al.,
2000). In order to determine if hh plays a direct wg-
independent role in the specification of eve- and/or lbe-
expressing cell clusters of the cardiac mesoderm (Fig. 2A),
we created situations in which hh is eliminated whereas wg is
not. (1) We used a temperature-sensitive hh allele to reduce hh
activity when it is no longer needed for maintaining ectodermal
wg. (2) We expressed wg in a hh null mutant background either
under the control of wg-Gal4, which allowed striped wg
expression beyond its dependence on hh, or by expressing wg
directly in the mesoderm (see Materials and methods).
The temperature-sensitive heteroallelic combination hh9k/
hh13c was shifted to the non-permissive temperature at early
stage 11, when ectodermal wg expression has become hh
independent, but before diversification of the cardiac meso-
derm (Heemskerk and DiNardo, 1994; Bejsovec and Martinez
Arias, 1991; DiNardo et al., 1994; Park et al., 1996). Loss of hh
function shortly after the onset of cardiogenesis leads to a
reduction of Eve and an increase of Lbe in the heart-forming
region (Figs. 2A, B, M, N). This phenotype is unlikely due to a
change in wg activity since eliminating wg function before
stage 11 abolishes both progenitor populations (Fig. 2C; Wu et
al., 1995; Jagla et al., 1997) and later has little effect on either
Eve or Lbe (Figs. 2D, M, O).
To further explore a potentially wg-independent role of hh in
specifying the Eve and Lbe clusters, we generated embryos in
which hh function was completely removed, while forcing the
maintenance of wg. Driving wg expression with a pan-
mesoderm driver (twi-Gal4) in the hh13c null background
dramatically expands Lbe, whereas mesodermal eve is elimi-Fig. 2. The distinction between Lbe and Eve cardiac progenitors is under the control
(red). (B) Loss of Hh activity by shifting hh9k/hh13c embryos to non-permissive tem
Eve-labeled nuclei and an increase in Lbe containing nuclei. (C) Loss of Wg activ
eliminates cardiac marker gene expression at stage 12. (D) In contrast, shifting wg
mesodermal expression of wg has little effect on the number of Eve and Lbe cells at
expressed throughout the mesoderm exhibits a lack of eve but a dramatic expansio
region (H, stage 14 is shown). (I, J) Pan-mesodermal expression of hh shows subs
moderately increased at stage 14 (J). (K, L) Mesodermal overexpression of Hh signa
the cardiogenic region may be somewhat larger as well (compare with Figs. 1B, C
hemisegment in wildtype (n = 55), loss of late hh function (hh Foff_, wg Fon_) (n =
function embryos has a reduced number of Eve nuclei and an increased number of Lb
loss of late wg function.nated (Fig. 2F). Similar results were obtained when wg was
maintained in its own ectodermal stripes using the wg-Gal4
driver (data not shown; see Materials and methods). Remark-
ably, the expansion of lbe as a result of these manipulations
encompasses the entire tin-expressing cardiac mesoderm (Fig.
2H). This expansion is unlikely due to overexpression of wg
itself since this does not cause a noticeable change in eve and lbe
expression after stage 11 (Figs. 2E, G) nor is it secondary to the
loss of function of other segmental polarity genes which have
similar segmental phenotype to that of wg mutant since they all
exhibit a no-heart phenotype as wg mutant (Park et al., 1996).
Then, we overexpressed hh throughout the mesoderm to
determine whether hh was sufficient to induce eve expression.
In embryos with ubiquitous mesodermal hh expression, lbe
expression is strongly inhibited, whereas eve expression is
expanded, but only moderately (Figs. 2I, J). Similar results are
obtained when a diffusible N-terminal fragment of Hh (HhN) is
overexpressed (data not shown), which retains Hh signaling
function, but diffuses further than the full-length form (Porter et
al., 1995). Taken together, these data indicate that Hh signaling
promotes mesodermal eve and restricts lbe expression. Thus,
striped ectodermal Hh signaling participates in the correct
positioning of the Lbe and Eve progenitors along the anterior–
posterior axis of the cardiac mesoderm.
Ci mediates Hh signaling by repressing lbe expression
Since cardiogenic Hh signaling promotes eve and inhibits
lbe, we wondered if known effectors of hh signaling also
differentially affect Eve vs. Lbe cells. Genetic analysis has
identified the ubiquitously expressed zinc-finger proteinCubitus
interruptus (Ci) as a mediator of Hh-dependent transcriptional
regulation in imaginal discs (Forbes et al., 1996). Two modes of
action have been identified for Ci: in the absence of Hh, Ci is
cleaved into a smaller repressor form (Ci75) that moves to the
nucleus and represses Hh target genes (Aza-Blanc et al., 1997;
Methot and Basler, 1999). Upon reception of the Hh signal, the
uncleaved long form (Ci155) is stabilized and may function as a
transcriptional activator. To test whether Hh signaling promotes
Eve vs. Lbe progenitor specification by inhibiting Ci75
accumulation, we induced mesodermal expression of Cicell, a
Ci protein truncated at amino acid 975 mimicking Ci75 (Methot
and Basler, 1999). As a result, lbe was dramatically expanded to
encompass the entire cardiogenic region, similar to ‘‘hh off–
wg’’ on mutants, while reducing eve expression (Figs. 2F, K, L).
The enlargement of Lbe by mesodermal Cicell even exceeds theof Hh signaling. (A) Stage 12 wildtype embryos stained for Lbe (green) and Eve
perature at 5.5 h AEL (after egg laying) leads to a reduction in the number of
ity by shifting wgIL114 embryos to the non-permissive temperature at 4 h AEL
IL114 embryos to the non-permissive temperature at 5.5 h AEL or (E, G) pan-
stage 12 (E) or stage 14 (G). (F) Stage 12 hh null mutant embryo in which wg is
n of lbe expression, which encompasses most if not all of the Tin-expressing
tantial inhibition of lbe expression, but eve is little affected at stage 12 (I), but
ling antagonist Ci75 results in dramatic expansion of lbe expression. Note that
). (M–O) Histograms showing Eve (red)- and Lbe (green)-positive nuclei per
82) and loss of late wg function (n = 87) embryos. Note that loss of late hh
e nuclei (N), in contrast to the slight change of the Eve vs. Lbe in embryos with
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result was also observed when Ci75 was overexpressed in the
entire mesoderm (data not shown). This suggests that the
absence of hh function or the forced expression of the Ci75
repressor promotes strongly lbe expression, while moderately
inhibiting eve expression. In contrast, overexpression of wild-
type Ci or the constitutively active forms of Ci (Ci3p, CiZnAD
and CiU; Hepker et al., 1997; Methot and Basler, 1999; Wang et
al., 1999) had little effect. Thus, Hh signaling is likely to inhibit
lbe expression by blocking Ci155 processing to the Ci75
repressor form and thereby allowing eve expression. As it has
been previously reported that Ci is absolutely required for
Hedgehog signaling (Methot and Basler, 2001), these data may
imply that target gene activation by Ci155 may not be important
in distinguishing the Eve from the Lbe progenitors. Interestingly,
in the ventral ectoderm, transcriptional activation by Ci155
seems to play a role in maintaining wg but apparently does not
affect there the Hh-regulated gene rho (Gallet et al., 2000; A.
Gallet and P. Therond, unpublished).
We wondered how the dramatic expansion of lbe expression
at stage 11/12 due to loss of hh function and/or elevated
repression of Ci75 manifests itself at later stages, i.e. during
cardiac differentiation. In twi>wg;hh13c embryos, the heart
does not continue to differentiate, and tin and odd expression is
abolished (Fig. S1A, B, data not shown; see also gaps in Tin-
positive cardiac mesoderm already at stage 14, Fig. 2H). This
may be due to reduced wg expression (in addition to the lack of
hh) after stage 12 in twi>wg;hh13c embryos (data not shown),
thus abolishing further cardiac development (see also Jagla et
al., 1997; Lockwood and Bodmer, 2002). With Cicell over-
expression, which at stage 11/12 much expands lbe but does not
eliminate eve expression in twi>wg;hh13c embryos (Figs. 2K,
L), only 4 instead of 6 Dmef2 positive myocardial cells form in
each hemisegment (Figs. S1C, D), and they are all Tin- as well
as Lbe-positive (Figs. S1E–G; see also Jagla et al., 1997). This
is consistent with a previous report, in which myocardial svp
expression is missing in the absence of hh (Ponzielli et al.,
2002). Conversely, when hh is overexpressed, myocardial (and
pericardial) cell differentiation is severely compromised (Figs.
S1H, I), consistent with the reduced lbe expression observed at
stage 11/12 (Figs. 2I, J).
Ras signaling promotes eve and represses lbe expression
RTK/Ras signaling is known to participate in Eve progenitor
specification (Buff et al., 1998; Carmena et al., 1998; Su et al.,
1999). However, it has not been clear whether RTK/Ras also
provides positional information as to where exactly the
mesodermal Eve progenitors form or whether it primarily acts
by augmenting the response within the relevant region of
competence. We reasoned that if RTK/Ras signaling plays only
a role in selecting the correct number of progenitors from the
Eve equivalence group (Carmena et al., 1998), constitutive
activity of RTK/Ras signaling would generate supernumerary
Eve-expressing cells without affecting formation of the cardiac
Lbe cells. To hyperactivate the RTK/Ras signaling, we targeted
expression of pathway components to the mesoderm, includingRho, activated EGF-Receptor (EGF-R), activated Ras and
activated Pointed-P2 (PntP2-VP16), a downstream effector of
Ras (Sturtevant et al., 1993; Ruohola-Baker et al., 1993;
Brunner et al., 1994a,b; Gisselbrecht et al., 1996; Queenan et
al., 1997). In all cases, we observed a dramatic increase in the
number of Eve progenitors encompassing virtually the entire
tin-expressing cardiac mesoderm with a concomitant loss of all
cardiac lbe expression (Figs. 3A–G). Therefore, the expansion
of eve expression seems to be confined to the normal limits of
the cardiac mesoderm, as indicated by the overlap with the
cardiac-restricted tin expression (Figs. 3B, G). This suggests
that the ras-dependent effect on eve expression is not due to an
increase in the size of the heart field, but is rather due to
misspecification of other cardiac subpopulations, notably the
Lbe progenitors, towards an Eve fate within the normal
confines of cardiac competence.
Ras/MAPK signaling is also hyperactivated in yan mutant,
which encodes an Ets transcriptional repressor competing with
PntP2 for binding to its target DNA (Lai and Rubin, 1992;
Brunner et al., 1994a,b; O’Neill et al., 1994). Consistent with
its role as an antagonist of the Ras/MAPK signaling, we found
that loss of yan activity results in an expansion of eve
expression accompanied with a marked reduction of that of
lbe (Fig. 3H).
The selection of Eve progenitors from within the equivalent
groups involves the opposing action of the positive Ras/MAPK
signaling and lateral inhibition mediated by Notch (N) and its
ligand Delta (Dl; Carmena et al., 2002). We wondered whether
lateral inhibition is also involved in the Ras/MAPK-mediated
anterior–posterior patterning and specification of the Eve vs.
Lbe progenitors within the heart field. In Dl mutant embryos,
Eve clusters are expanded as expected (Fig. 3I), although to a
lesser extent as is observed with RTK/Ras pathway hyper-
activation. In contrast, however, there is no concomitant loss of
lbe expression; rather, the number of lbe-expressing cells is
somewhat increased, as observed previously (Jagla et al.,
1997). In view of this observation, N/Dl-mediated lateral
inhibition does not seem to be involved in the actual distinction
between the eve- vs. lbe-expressing progenitors of the cardiac
mesoderm, unlike the requirement for Hh and RTK/Ras
signaling. N/Dl interactions rather restrict progenitors numbers
within all promuscular clusters (see also Martin-Bermudo et al.,
1995).
Ras signaling does not influence Eve/Lbe cell formation by
altering proliferation or death patterns in the heart-forming
region
Given the multiple function of Ras/MAPK in regulating cell
proliferation, cell differentiation and suppression of apoptosis
(Wassarman et al., 1995, Bergmann et al., 2002), we wanted to
determine which particular action of Ras/MAPK signaling was
required for the generation of supernumerary Eve cells. Even
though ras activation in post-blastoderm cell cycle arrested
string (stg) mutant embryos produced more eve-expressing
cells than in the stg mutants alone (Carmena et al., 1998; Edgar
and O’Farrell, 1989), we wanted to directly address a role of
Fig. 3. Effect of RTK/Ras signaling on the specification of Lbe/Eve cardiac progenitors. (A) Stage 12 wildtype embryos double stained for Eve (green) and Tin (red).
Note that the Eve cells are a subset of tin-expressing cardiogenic region and thus appear yellow. Pan-mesodermal overexpression of constitutively activated EGF-R
or Pnt-P2 generates supernumerary Eve-positive cells, which fill most if not the entire Tin-positive cardiogenic region (B, G). (C–F) The expansion of Eve-positive
cells in the cardiac mesoderm is associated with a complete loss of Lbe-positive heart cells, as shown for activated EGF-R (D), Rho (E, >14 eve cells per
hemisegment) and activated Ras1 (F). (H) In yan mutant embryos, lbe expression is also reduced, while eve expression is expanded. (I) eve and lbe expression in Dl
mutant embryos. Note that lbe expression in Dl mutant embryos is also expanded. (J, JV) Early and late stage 12 embryos double labeled for Eve (red) and activated
Drice caspase (green). Note that Drice is activated in one of Eve-positive cells undergoing apoptosis (arrow). (K) Df(3L)H99 mutant embryos stained for Eve show
moderate expansion of eve expression to 5–6 cells (5.3 T 0.8 SD, n = 46), compared to the 3–4 cells per wildtype hemisegment (3.4 T 0.5 SD, n = 52) cells. (L)
Wildtype and (M) mesodermal overexpression of rho (EP(3)3704) in embryos labeled for Eve (red) and phospho-H3 (blue). Note that elevating Ras signaling does
not increase the number of pH3 labeled nuclei.
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this purpose, we compared the mitotic marker phosphohistone
H3 (pH3; Su et al., 1998) in wildtype and ras overexpressing
embryos. Upon mesodermal activation of Ras signaling, the
Eve clusters are expanded, but the number of pH3 labeled nuclei
is not significantly altered (Figs. 3L, M), suggesting that
hyperactivated Ras/MAPK signaling does not induce prolifer-
ation in the mesoderm and the supernumerary Eve are due to
altered Ras/MAPK-induced cell type specification.The Ras/MAPK pathway has also been implicated in
promoting cell survival by negatively regulating the activity of
the pro-apoptotic factor Hid (Bergmann et al., 1998, 2002;
Kurada and White, 1998; Yang and Baker, 2003). Thus, we
tested whether Ras/MAPK-mediated cell survival may be
responsible for the generation of supernumerary Eve cells. Upon
stimulation, the widely expressed but normally inactive caspases
Drice and DCP-1 are proteolytically processed to their active
form and thereby trigger cell death (Song et al., 1997; Fraser and
J. Liu et al. / Developmental Biology 290 (2006) 373–385380Evan, 1997). We monitored the level of apoptosis in wildtype
embryos using an antibody against activated Drice (Baker and
Yu, 2001; Yu et al., 2002). We observed only few activated
Drice-positive cells in the cardiogenic region, except for one Eve
cell at stage 12 (arrow in Figs. 3J, JV), likely corresponding to the
sibling of the DA1 founder that is thought to die (see Carmena et
al., 1998). The paucity of activated Drice-positive cells in the
forming heart is inconsistent with programmed cell death playing
a major role in determining the number of Eve progenitors. If this
were true, we would expect only a moderate increase in Eve cell
number, when apoptosis is blocked. Indeed, in H99 deficiency
embryos, which lack the death genes hid, reaper or grim (White
et al., 1994), the number of Eve-containing nuclei is not much
increased (Fig. 3K). This is in sharp contrast to the 3- to 4-fold
increase in Eve cells in response to hyperactivation of RTK/Ras
signaling. Taken together, the data suggest that RTK/Ras and hh
signaling but not cell death or proliferation plays a major role in
distinguishing cardiac cell fates.
Previous studies showed that Ras activation within the
competence domain for the mesodermal Eve clusters occurs
through the action of two RTKs, EGF-R and Heartless (Htl), a
fibroblast growth factor receptor (Halfon et al., 2000, Carmena
et al., 1998; 2002). Since activation of Ras signaling is
sufficient to increase mesodermal Eve cell formation at the
expense of Lbe cell formation, we wanted to examine the
specific requirement for EGF-R- and Htl-related pathways in
this process. Loss-of-function mutations for the EGF-R ligand
encoded by spitz (spi), or rho, or when a dominant-negative
form of EGF-R is overexpressed in the mesoderm, result in a
moderate reduction of the Eve cell population, as previously
reported (Buff et al., 1998; Bidet et al., 2003), as well as a
corresponding slight increase in Lbe cells (data not shown).
More dramatically, mesodermal overexpression of a dominant-
negative Htl (dnHtl) considerably reduces eve and expands lbe
expression (Fig. 4B). It is possible that Htl has more of a
requirement in cardiogenic Ras activation than Spi/EGF-R or
other EGF-R ligands are also important. Alternatively, theFig. 4. RTK/Ras signaling is involved in Eve cell specification. Embryos stained for E
stage 14 (D, E). (A, D) Wildtype embryos. (B) Embryo with mesodermal expressio
cells are considerably reduced, while Lbe is expanded. (C, D) pointed-P2 null m
expressing cardiogenic region.dnHtl transgenic flies we used may suppress Ras more
efficiently.
Next, we examined whether pntP2, encoding an Ets domain
transcriptional activator that functions downstream of MAPK,
is required for mediating Ras signaling to specify Eve vs. Lbe
cell identity, as the presence of essential ETS sites in eve’s
mesodermal enhancer would suggest (Halfon et al., 2000).
Similar to dnHtl, pntD88 mutant embryos lacking pntP2
function exhibit a severe reduction of eve and concomitant
increase in lbe expression (Fig. 4C). As indicated by Lbe and
Tin double labeling, the expansion of lbe expression is
confined to the cardiac mesoderm (Figs. 4D, E). These data
suggest that the EGF-R and Htl RTK pathways, including the
MAPK-regulated transcription factor PntP2 and its antagonist
Yan, are involved in specifying and distinguishing eve- vs. lbe-
expressing progenitors within the cardiogenic field.
Activation of Ras signaling in hh mutant embryos restores Eve
progenitor formation
The above data demonstrate that manipulating (ectodermal)
hh and (mesodermal) Ras signaling both affect eve and lbe
expression and thus cellular diversification in the forming heart.
This raises the possibility that Ras pathway activation in the
dorsal mesoderm may be involved in mediating the positional
information provided by the striped ectodermal expression of
hh. As reported previously, MAPK is activated in the dorsal
mesodermal eve-expressing cell clusters at stage 10 and remains
activated transiently in Eve progenitor cells (detectable as
diphospho-MAPK/ERK, dpERK; see Carmena et al., 1998;
2002). In wildtype embryos, dpERK is no longer detectable in
the Eve-positive cells at stage 12 (Fig. 5A). However,
mesodermal overexpression of hh maintains dpERK in some
extra eve-expressing cells (Fig. 5B; arrows). This supports the
idea that ectopic Hh promotes eve expression in the cardiogenic
region by activating Ras signaling. hh overexpression also
causes ectopic maintenance of dpERK in the presumptive lbe-ve (red) and Lbe (green) at stage 12 (A–C) and for Lbe (green) and Tin (red) at
n of a dominant-negative form of Heartless (dnHtl). Note that the Eve-positive
utant embryos exhibiting expanded Lbe and diminished Eve within the tin-
Fig. 5. Epistatic relationship of Hh and RTK/Ras signaling as it relates to cardiogenic eve, lbe and rho expression. All embryos are stage 12. (A, B) Eve and dpERK
double labeled wildtype embryo (A) and embryo with uniform mesodermal hh expression driven by 24B-Gal4 (B). Note the persistent ectopic dpERK staining even
in some supernumerary eve-expressing cells in panel B. (C) Eve- and Lbe-labeled hh mutant embryo with uniform mesodermal expression of wg and activated Ras
driven by twi-Gal4. Note that some eve expression is restored, and lbe expression remains dramatically expanded. As shown in inset in (C), most ectopic Eve cells
express dpERK. (D) pnt null mutant embryo with uniform mesodermal expression of hh driven by twi-Gal4. Note that lbe expression is strongly repressed, while eve
expression is reduced as in pnt mutant alone (see Fig. 4C). (E–H) rho expression in the heart-forming region depends on Hh signaling. (E) Wildtype embryo stained
for Eve (red) and rho transcripts (green). Note that the Eve cells alternate with rho expressing cells at the dorsal mesodermal edge at this stage. (F) Wildtype embryo
stained for Lbe (red) and rho transcripts (green). Note that Lbe co-localizes with a subset of rho expressing cells. (G) hh null mutant embryo with ectopic
mesodermal wg expression. Note the dramatic reduction in rho RNA (green) and a concomitant expansion of Lbe (red). (H) Embryo with ectopic mesodermal
expression of hh. Note the expansion of rho transcripts (green).
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forming heart at stage 12 (Fig. 5B), which correlates with the
observed repression of lbe (see Figs. 2I, J). This raises the
possibility that Hh-activated Ras/dpERK signaling not only
promotes eve expression but also repression of lbe, even in cells
where eve expression is not turned on.
Next, we wanted to examine whether activation of Ras
signaling can promote eve expression and/or repress lbe in the
absence of hh. Since loss of hh and gain-of-ras function have
opposite phenotypes, we overexpressed activated Ras in the
mesoderm of hh mutant embryos (‘‘hh off–wg on’’; as in Fig.
2F). Indeed, in ‘‘hh off–wg on’’-embryos, eve expression is
partially restored by forced Ras activation (Fig. 5C), and lbe is
repressed in the Eve cells. As expected, the eve-expressing
cells are also dpERK-positive (inset in Fig. 5C). This suggests
that with regard to eve expression Ras signaling acts epistatic
or downstream of Hh signaling and that the Ras pathway can
inhibit lbe expression, either directly or via Eve. Interestingly,
however, much of the expanded lbe expression in ‘‘hh off–wg
on’’ embryos does not seem to be negatively influenced by
concomitant Ras overexpression (Fig. 5C), indicating that Rasis unlikely the only hh-dependent repressor of lbe. Thus, Hh
may normally restrict cardiac Lbe cluster size also indepen-
dently of Ras. A Ras-independent inhibition of cardiac lbe by
hh is supported by the finding that hh overexpression reduces
lbe expression much more than it expands the eve-expressing
territory (Figs. 2I, J).
Since Ras activation can partially restore eve expression and
perhaps repress lbe when hh is selectively eliminated, we
wanted to test directly whether diminishing Ras signaling
compromises the hh-induced repression of lbe. For this purpose,
we mesodermally overexpressed hh in embryos that lack pntP2
function. In such embryos, mesodermal hh expression does not
reverse the partial loss of Eve cells, due to the lack of pnt
function (Fig. 5D), consistent with the Ras signaling dependence
of mesodermal Eve. In contrast, lbe expression is not just
reduced to normal but completely abolished (Fig. 5D) similar to
what is observed in embryos overexpressing hh by itself (Figs.
2I, J), thus strongly supporting the idea of a Ras(PntP2)-
independent repression of lbe by Hh signaling. Taken together,
these results suggest that Ras signaling is epistatic to Hh in
promoting eve expression but not in repressing lbe.
Fig. 6. Proposed interaction of Hh and RTK/Ras signaling during the specification of Lbe and Eve cardiac progenitors. (A) RTK/Ras signaling is required for the
specification of Eve cells. Hh signaling is also required for Eve cells formation, which may be by regulating the expression of Rho, an EGF receptor ligand activator,
or by blocking production of the repressor form of Ci, Cire. Hh may also play an Ras-independent role in repressing cardiac Lbe expression, also mediated via relief
of repression by Cire. The regulation of Lbe expression by Cire likely involves an unidentified negative regulator of Lbe, X. (B) Spatial relationship of Hh and RTK/
Ras signaling and the responding cells along the anterior–posterior axis in the cardiac mesoderm. Hh, emanating from the posterior ectodermal compartment,
promotes Rho expression and formation of the Eve cells.
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Since activation of the Ras/MAPK cascade is epistatic to Hh
signaling for Eve cell formation, we wondered how Ras
signaling is activated in a local and segmentally precise
position. In each hemisegment, rho transcripts are expressed
in two clusters adjacent to the Eve clusters and partially
overlapping with the Lbe cells in the cardiogenic region (Figs.
5E, F; see also Buff et al., 1998). Since rho has been shown to
be a target of hh signaling in the ventral ectoderm (Gallet et al.,
2000; Hatini and DiNardo, 2001), we examined rho expression
in ‘‘hh off–wg on’’ embryos. Indeed, in the absence of hh
function, rho transcripts are drastically reduced in the dorsal
mesoderm (Fig. 5G). Conversely, mesodermal overexpression
of hh leads to a dorsal mesodermal expansion of rho
expression (Fig. 5H), consistent with the idea that rho is a
target of Hh signaling in the heart-forming region. In summary,
hh seems to provide positional and identity information for a
dorsal mesodermal Eve cell fate in two ways (Fig. 6): on the
one hand, Hh signaling acts via a Ras-dependent mechanism,
turning on rho expression and leading to a localized
specification of Eve cells. On the other hand, hh also functions
in a Ras-independent manner to locally repress Ci75-dependent
formation of Lbe cells.
Discussion
As the heart-forming region is confined to the dorsal-most
region of the mesoderm, the Drosophila cardiac mesoderm is
further subdivided into subpopulations of cardiac progenitors,which assume different identities along the anterior–posterior
axis within each hemisegment. eve and lbe encoding home-
odomain transcription factors are among the first two genes to
mark and specify two neighboring but non-overlapping pro-
genitors. Eve and Lbe seem to negatively regulate each other’s
expression, and the cross-repressive action of these two
transcription factors is likely to help establish and maintain the
boundary between these cardiac progenitors (Jagla et al., 2002;
Han et al., 2002).We have focused on how embryonic patterning
information is provided to initiate the stereotyped patterns of eve
and lbe expression leading to the segmented precision of
positioning individual cardiac progenitors. The generation of
the segmental pattern in the cardiac primordia is influenced by
the signals emanated from the overlaying ectoderm. In addition
to wg, which is required to specify the entire cardiac mesoderm,
the distinction between Eve and Lbe progenitors is dependent on
striped ectodermal Hh activity. Hh apparently favors Eve cell
formation over that of Lbe cells by turning on local rho
expression. In addition, hh functions not only to promote Eve
cells via augmenting rho transcription and thus Ras signaling,
but also in Ras independently to locally repress lbe.
Segmental anterior–posterior patterning of the Drosophila
heart
Generation of functionally distinct units and cell fate
diversity within an organ is critical to its physiological function.
The embryonic heart tube of Drosophila, which extends along
the anterior–posterior axis from segment T3 to A8, is
subdivided into the anterior aorta and the more posterior heart
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notably by abdominal-A, Ultrabithorax and Antennapedia
(Ponzielli et al., 2002; Lo et al., 2002; Perrin et al., 2004). In
addition, the cardiac progenitors forming the heart tube assume
segmentally repeated cellular identities along this axis (Frasch et
al., 1987; Jagla et al., 1997; Han et al., 2002; Jagla et al., 2002;
Ponzielli et al., 2002). We have provided evidence that the
distinction between the segmentally repeated Lbe and Eve
clusters depends on hh signaling. Mesodermal Eve cells, located
anteriorly adjacent to the epidermal hh stripes, are positively
regulated by Hh, whereas lbe is repressed, and thus Lbe cells
form more distantly to the Hh stripes. Interestingly, even though
overexpression of the repressor form of Ci mimics the absence of
Hh signaling reducing eve and expanding lbe expression in the
heart-forming region, various activated forms of Ci do not seem
to influence the Eve vs. Lbe decision and clearly do not mimic
the hh overexpression phenotype of eliminating lbe expression.
As illustrated Fig. 6, we propose a model in which the Ci
repressor promotes lbe expression (via repression of a repres-
sor), unless Hh signaling blocks Ci75 repressor formation (see
also Pappu et al., 2003; Fu and Baker, 2003).
Hh signaling may also be required for cardiac svp
expression, which is downregulated when Hh signaling is
reduced (Ponzielli et al., 2002). Ectodermal hh stripes reside
between cardiac eve and svp expressing clusters in each
hemisegment, which raises the question how Hh signaling
elicits asymmetrical responses in the underlying cardiac
mesoderm (i.e. anterior Eve and posterior Svp). This resembles
the asymmetrical maintenance of wg expression anterior but
not posterior of Hh in the ventral ectoderm. It has recently been
reported that a T-box transcription factor may be repressing wg
expression posterior to the Hh stripe, thus mediating the
asymmetric response to Hh (Buescher et al., 2004), which may
also be the case for the segmentally asymmetrical patterning of
the cardiac mesoderm (Qian et al., 2005).
Hh influences cardiogenic Ras signaling by modulating rho
expression
We have presented genetic evidence that RTK/Ras signaling
is influenced by Hh signaling during the distinction between
eve- and lbe-expressing progenitors within the cardiogenic
region. For example, hyperactivating RTK/Ras leads to an
expansion of eve at the expense of lbe expression and vice
versa when the pathway’s activity is reduced. Epistasis
experiments suggest that Hh affects Eve and Lbe cell fate
specification in part by modulating RTK/Ras signaling to
promote Eve expression as well as by inhibiting Lbe
independently of Ras/PntP2 (Figs. 5C, D). Rho, which
activates the DER ligand Spitz by proteolysis, has been shown
to be a target of Hh signaling during segmentation of the
epidermis (Gallet et al., 2000; Hatini and DiNardo, 2001). Rho
is turned on asymmetrically (i.e. posterior) to the Hh
expression domain, and Wg is confined to the anterior side.
Previous studies suggested that Hh signaling has a bidirectional
effect because it maintains expression of the Hh receptor and
antagonist encoded by patched both anterior and posterior tothe Hh stripes. A recent report suggests that T-box 20 homolog
encoded by neuromancer/midline (nmr) functions as a
negative regulator of wg posterior to the Hh stripe allowing
rho expression (Buescher et al., 2004). In this study, we
demonstrate that Hh acts by elevating local rho expression in
the cardiogenic region to promote Eve cell fates.
In a parallel study, it is reported that loss of nmr function in
the mesoderm leads to a dramatic expansion of Eve cells at the
expense of Lbe cells, reminiscent of RTK/Ras or hh gain of
function (Qian et al., 2005). In contrast, overexpression of nmr
results in the opposite phenotype of more Lbe and less Eve
cells, suggesting that nmr negatively mediates hh’s promotion
of Eve cell identity. Consistent with this finding is the
observation that cardiac nmr is expressed in a complementary
pattern to Eve, abutting the eve expression domain both
anteriorly and posteriorly, similar to rho (Fig. 5E; Qian et al.,
2005). Based on these findings, we propose that Rho activates
Eve throughout the cardiogenic mesoderm but is repressed in
the nmr-expressing cells (Fig. 6A). Further genetic analysis of
the relationship between hh, nmr and rho is needed to elucidate
the influence of Hh on rho and/or nmr expression. The data
thus far strongly suggest that patterned ectodermal Hh
positions the mesodermal Eve clusters immediately anterior
to the Hh stripes, and allowing specification of the Lbe clusters
more distally within each segment located (Fig. 6B).
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